Background: In household contact investigations of tuberculosis (TB), a second tuberculin skin test (TST) obtained several weeks after a first negative result consistently identifies individuals that undergo TST conversion. It remains unclear whether this delay in M. tuberculosis infection is related to differences in the infectious exposure, TST boosting, partial host resistance, or some other factor.
Background
Projections to eliminate tuberculosis (TB) by 2050 require mass preventive therapy, which is only possible to implement if individuals with latent TB infection (LTBI) at risk of developing disease are targeted [1] . The disease cycle offers an opportunity for this to be accomplished, as the risk of progression to TB disease is highest in the first 1-2 years after Mycobacterium tuberculosis infection is established [2, 3] . After this period, the organism enters into a quiescent state with a low but lifelong risk of exiting dormancy. Therefore, the simple task of timing infection would constitute an incomplete, yet significant step enabling targeted LTBI treatment.
Predictive biomarkers are most needed for household contacts of patients with pulmonary TB, as they are an important focus for screening and prevention programs [4, 5] . However, whereas the overall risk of infection in household contacts is high, their individual probability is variable and dependent on a complex web of host, bacterial and environmental factors [6] [7] [8] . The question of whether the observed variability in infection outcomes reflect a greater propensity to generate infectious aerosols by certain index patients [9] , strain-specific differences in bacterial virulence [8] , partial or complete host resistance to infection [10] , or simply environmental factors [8] remains unanswered.
Epidemiologically and programmatically, it is useful to separate household contacts into one of three groups on the basis of their tuberculin skin test (TST) or interferon gamma release assay (IGRA) results [11] . The first two are contacts that are considered infected or not at the time the initial evaluation is performed. Importantly, contacts that are TST-positive or IGRA-positive at initial ascertainment may have been infected by the household member with TB prior to evaluation (i.e. early TST conversion), or in many settings, infected in the community at some time in the past [12] . Because neither TST nor IGRA distinguishes time of infection, this mix of individuals with recent vs. remote infections -and their accompanying variable risk of progression to diseaseare aggregated into a single risk group [2, 3, 11] . A third group of contacts can only be identified when placing a second test, usually weeks after the initial test is negative, to identify individuals that undergo TST or IGRA conversion [11, 13] .
Beyond adding to the totality of contacts that may benefit from LTBI treatment, the identification of TST converters is important because they are thought to represent a homogeneous group at high risk of progression to disease [2, 3, 14] , and because they are immunologically unique as a result of demonstrating acute M. tuberculosis infection [15] -akin to the crucial pathogenic insights provided by HIV seroconverters early in the epidemic [16] . Most studies of TST conversion are surveys in populations [17] or surveillance programs in health care workers [2, 3] . However, in neither design is the exposure explicitly identified or conversion measured shortly after infection is established. The aim of this study was to describe individual characteristics of a cohort of household contacts with TST conversion and compare them to contacts that were TST-positive at baseline, and those that remained persistently TSTnegative. We hypothesized that TST converters represent the tail end of infections transmitted by the index TB patient within the household and thus, that they were more likely to share characteristics with contacts that were TST-positive at baseline.
Methods

Study population
This study was conducted at the Núcleo de Doenças Infecciosas (NDI) located in Vitória, the capital city of the State of Espírito Santo, Brazil. The NDI has organized a network of 16 TB clinics in the metropolitan region of Vitória [9] . In Espírito Santo, the TB incidence is 38/100,000 inhabitants, and the prevalence of HIV infection in the general population is <1, and 7% in TB patients [18] .
Participants
All consecutive pulmonary TB patients attending NDI clinics were eligible, provided they had: 1) age ≥ 18 years with cough ≥3 weeks; 2) first TB episode with ≥1 sputum sample with acid-fast bacilli (AFB) ≥2+ with subsequent M. tuberculosis growth in culture; and 3) ≥3 household contacts. We excluded TB patients that were HIV-infected (or refused testing), had a history of TB treatment, or who were too ill to consent, unable to understand, or to comply with the study protocol. A household contact was defined as an individual of any age fulfilling one of the following culturally-adapted criteria of close contact with the index patient for ≥3 months before enrollment: 1) sleeping under the same roof ≥5 days/week; 2) sharing meals ≥5 days/week; 3) watching TV nights on weekends, and; 4) other significant contact (85% visited the household ≥18 days/ month). To minimize differences in exposure time, participants were enrolled within the first 2 weeks after the index patient presented to the clinic.
Measurements
Index TB patients. We collected clinical information and measured cough severity using a self-reported visual analog cough scale (VACS) and the Leicester Cough Questionnaire (LCQ), as reported [8] . We obtained up to three sputum specimens for AFB smear (auramine O fluorescent stain) and culture (Ogawa-Kudoh method) [19] . The radiological extent of disease was graded on a four-category ordinal scale by an experienced radiologist [20] . All patients were offered TB treatment according to Brazilian guidelines [21] . Household contacts. We followed Brazilian recommendations for household contact investigations [21] . Study staff visited dwellings to record clinical information, measure individual contact time with the index patient, and to perform an environmental evaluation (crowding and ventilation). BCG vaccination status was assessed by the presence of a scar in the deltoid area. Contacts with TST ≥10 mm and secondary TB suspects were referred for evaluation to the corresponding TB Clinic.
TST and IGRA testing and retesting protocol
We evaluated contacts for M. tuberculosis infection with both TST and IGRA (Quantiferon Gold-In-Tube, Quiagen, U.S.A.), as described [22] . Briefly, only trained staff performed TST, and we completed TST reading evaluations (kappa >90%) prior to opening study enrollment. Two units of R23 (SSI, Denmark) were placed on the forearm of contacts using the Mantoux method, and the diameter of induration measured in millimeters between 72 and 96 h. Contacts with a TST < 10 mm at baseline were retested after 8-12 weeks to identify TST conversion, using two different criteria: Criterion 1 (Brazilian Guideline): 1st TST < 10 mm, 2nd TST ≥10 mm, and Δ between 1st and 2nd TST ≥10 mm. Criterion 2: 1st TST <5 mm, 2nd TST ≥10 mm, and Δ ≥6 mm [13] . IGRA testing was done at 8-12 weeks after the initial TST. For contacts in whom a second TST was needed (initial TST <10 mm), blood for IGRA was obtained before placement of the second TST to minimize boosting [23] .
Statistical methods
Three groups of household contacts were identified for the outcome analysis: 1) TST ≥10 mm at baseline; 2) TST converters (Criterion 1 or Criterion 2), and; 3) TST <10 mm at 8-12 weeks. We summarized index patient and contact characteristics for each of the TST-defined groups. We compared TST-converters to TST-positive at baseline (primary comparison), and separately to TST-negatives (secondary comparison) using bivariate logistic regression models fit using generalized estimating equations (GEE). Variables with p < 0.1 in univariate analyses and those deemed clinically important were included in multivariable GEE models. We also summarize TST and IGRA readings on contacts by age groups (0-5, 6-10, 11-20, 21-40, >40 years old). All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC) and R version 3.3.1 (www.r-project.org).
Ethical approvals
The study was approved by the Comitê de Ética em Pesquisa do Centro de Ciências da Saúde -Universidade Federal do Espírito Santo and the Comissão Nacional de Ética em Pesquisa, and the Institutional Review Boards of Boston University Medical Center and Rutgers University -New Jersey Medical School (formerly University of Medicine and Dentistry of New Jersey). We obtained written informed consent and assent in Portuguese in accordance with age-specific ethical guidelines of participating institutions.
Results
Between February 2008 and October 2013, we identified 277 potentially eligible families but excluded 117 of them ( Fig. 1 ). Of the remaining 160 index patients and their 934 household contacts, we excluded 96 contacts because of incomplete TST/IGRA results (N = 67) or refusal to participate (N = 29). The 67 excluded contacts were more likely to be male (57 vs. 43%, p = 0.03) Fig. 1 Study profile compared to those included but were otherwise similar in terms of age (p = 0.74) and BCG scar (p = 0.99). Therefore, this analysis included 160 index TB patients and 838 household contacts; 523 (62.4%) contacts were TST-positive (≥10 mm) at baseline, 62 (7.4%) were TST converters, and 253 (30.2%) remained TST-negative (<10 mm) at study conclusion. Table 1 and Additional file 1: Table S1 show characteristics of household contacts, index TB patients and study dwellings in the three TST-defined groups of contacts. Overall, contacts were young (median 21 years, interquartile range [IQR] 10-39), female (57%), BCG vaccinated (82%) and HIV-uninfected. Contacts were heavily exposed to TB both inside and outside the household, as 20% had contact with another TB patient in the past. Index TB patients were young adults (median 36 years, IQR 23-42), male (66%) with advanced TB disease. Study dwellings were crowded (median 6 contacts), and 14% of families lived in a rented home, an indicator of lower socio-economic status in this setting.
Description of households
Contacts that were TST-positive at baseline had a median age of 22 years (IQR 12-41), 56% were female, 81% had a BCG scar, and 96% of their index TB patients had moderately or far-advanced disease on chest x-ray, including 80% with cavitations (Table 1) ; 25% of contacts in this group had contact with a TB patient outside the household, and 19% lived in a rented home. In comparison, contacts with TST conversion were younger (median 15 years, IQR 10-39), more frequently female (67%) and BCG vaccinated (87%), and their index TB patients had less severe disease (82%) and less cavitations (65%) on chest radiograph; only 10% had contact with another patient, and 3% rented their residence. Overall, contacts that remained TST-negative had a less intense infectious exposure when compared to the other two groups of contacts. Table 2 shows a qualitative and quantitative analysis of TST and IGRA readouts in contacts. Of the 421/523 TSTpositive contacts and 58/62 TST converters with available IGRA results, the former were more likely to be IGRApositive at 8-12 weeks (81 vs. 69%, respectively; p = 0.04). TST/IGRA agreement was 80% (Kappa 0.56) in all contacts and 69% (Kappa 0.04) in TST converters (N = 58). Quantitatively, the median TST induration size (16 mm vs. 16 mm, p = 0.93) and median IGRA readouts (4.4 IU/mL vs. 5.92 IU/mL, p = 0.75) were similar in both groups. Figure 2 shows a breakdown of TST and IGRA results at baseline and at 8-12 weeks by contact age groups. Table 3 shows a qualitative and quantitative analysis of TST/IGRA readouts in contacts with TST conversion, stratified by contact age. Whereas the baseline prevalence of TST-positivity increased with age (Fig. 2) , the proportion of contacts with TST conversion was similar across age categories (p = 0.12). The same analysis using three other definitions for TST conversion found similar results (Additional file 2: Table S2 ).
TST/IGRA results in household contacts
Comparison of TST converters vs. TST-positive contacts at baseline
In an unadjusted analysis that compared TST converters vs. TST-positive contacts (Table 1 
Comparison of TST converters vs. persistently TSTnegative contacts
In an unadjusted analysis that compared TST converters vs. TST-negative contacts (Table 1 and Additional file 1:  Table S1 ), TST converters were more likely to have an index TB patient with more severe cough as measured by higher VACS scores (OR 1.24, 95% CI 1.07-1.42; p = 0.003) or lower LCQ scores (OR 0.87, 95% CI 0.79-0.97; p = 0.01), to sleep in the same room as the index patient (OR 1.35, 95% CI 1.45-7.35; p = 0.004), and to have ≥6 h/day of contact with the index patient (OR 1.83, 95% CI 1.02-3.27; p = 0.04). In an adjusted analysis (Table 4) 
Discussion
In this household contact study in a mostly urban, intermediate TB prevalence setting we found that 7% of contacts underwent TST conversion during the 8-12 week study observation period. Our results show that the individual risk and timing of M. tuberculosis infection is variable and modulated by a combination of index patient, contact and environmental factors within the household, and the surrounding community. Although we found differences between households containing infected and non-infected contacts, our findings are consistent with the hypothesis that family units with TST-converters had a similar infectious exposure than contacts that are TST- positive at baseline, when compared to those that remain TST-negative. Our results suggest that certain individual contact factors such as gender and BCG vaccination may impact the timing and nature of M. tuberculosis infection within a household environment. We also found that Quantiferon-Gold-In-Tube did not perform well in household contacts with recent M. tuberculosis infection as measured by TST conversion, a population known to be at increased risk of progression to TB disease. In many settings, the risk of acquiring M. tuberculosis infection is cumulative throughout life [24, 25] , and particularly high in household contacts of pulmonary TB patients as a result of two, or more, infectious exposures by virtue of cohabitating with a person with TB, and living in a community with ubiquitous transmission [12] . However, differentiation between communityvs. household-acquired infection is challenging [4, 12] . Using a mathematical model, Brooks-Pollock et al. inferred that in Peru up to 70% of TST-positive household contacts were due to community transmission [26] . In Uganda, Whalen et al. found that 71% of contacts were infected compared to only 24% of community controls, suggesting predominantly household transmission [12] . Expectably, in the present study contacts that were TSTpositive at baseline more frequently had contact with a person with TB outside the household. Ideally, in order to properly control for community based transmission the evaluation of household contacts should begin before the index patient becomes infectious. To our knowledge, such a study has not yet been conducted.
A related issue is our limited understanding of the effect these two components of risk (community vs. household transmission) have on the timing of infection in contacts. In low TB prevalence communities with well-performing TB control programs the likelihood of infection is low in both the community and within households, as a result of early TB patient detection. In such settings, most infections in household contact are likely related to the index patient exposure, and consequently, a significant proportion of contacts would be expected to have TST conversion when evaluated.
Conversely, in high prevalence settings, the expected proportion of contacts with TST conversion would be lower as a result of the opposite epidemiologic scenario. Interestingly, the proportion of contacts with TST conversion in the present study is consistent with the 4-10% reported in most other studies in both low and high TB burden settings [15, [27] [28] [29] . The narrow variation in TST conversion across vastly different epidemiologic settings is striking in itself and unlikely to be explained by TST size in converters (mm) chance alone. We posit this observation suggests a threshold effect in the risk of M. tuberculosis in humans where some individuals become infected early when the infectious force is minimal, whereas others only become infected after a more intense or sustained exposure. In a follow-up study that will include immunological studies with stored blood samples from contacts, we will examine if the observed variability in timing or susceptibility to infection is associated with differences in progression to disease during follow-up. Recently, there has been great interest in studying household contacts that remain uninfected despite close contact with a TB patient, as they are thought to represent a phenotype of innate or acquired resistance to M. tuberculosis infection [3, 10] . In meta-analyses of household contact studies~50% of contacts are found to be TST-negative [4, 5] , but this may be due to multiple factors such as exposure misclassification [29] , missing TST converters, and limited sensitivity of TST and IGRA [3] . Our findings are in agreement with previous studies that found an association between TST conversion and socioeconomic status, [30] and lower rates of infection in females [27] -possibly as a result of family behavior patterns. We also found a weak association between BCG scar and TST conversion when compared to TSTnegative contacts, suggesting BCG may have boosted TST conversion in the former. Given the implications for vaccine design and growing evidence that BCG may prevent M. tuberculosis infection [31] , future mechanistic studies will be needed to elucidate and expand on these findings.
Our study has limitations. Selection bias may have occurred as the higher proportion of males in the excluded population may have overestimated the effect of female gender in TST conversion. The absence of community controls did not permit estimating the secondary attack rate of TB infection within households [12] . We did not obtain cough generated M. tuberculosis aerosols in index patients, which may have led to exposure misclassification [29] . We used the visualization of a scar as a surrogate for BCG vaccination although it is estimated that up to 10% of BCG vaccinated infants may not develop a scar [13] . Finally, we used two definitions for TST conversion to minimize the possibility of TST boosting, which is rarely associated with a TST diameter increase >6 mm.
Conclusion
Our results suggest TST converters are likely to represent late infections resulting from the index patient exposure but that certain individual contact factors may modulate the timing and nature of infection. Taken together, our findings and those of others suggest the existence of an immunological threshold in certain contacts that become infected only after a sustained or unusually large infectious inoculum resulting from both community and household exposures. If proven to be correct in future studies with immunological and TB disease endpoints, such a finding would have important implications for TB immunopathogenesis and vaccine development.
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